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A Comparison of Fatigue Failure Responses of Old 
Versus Middle-Aged Lumbar Motion Segments in 
Simulated Flexed Lifting 
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Deborah Burr, PhD,‡ John Landoll, PhD,† and Velimir Matkovic, MD, PhD† 
Study Design. Survival analysis techniques were used 
to compare the fatigue failure responses of elderly mo­
tion segments to a middle-aged sample. 
Objectives. To compare fatigue life of a middle-aged 
sample of lumbosacral motion segments to a previously 
tested elderly cohort. An additional objective was to eval­
uate the influence of bone mineral content on cycles to 
failure. 
Summary of Background Data. A previous investiga­
tion evaluated fatigue failure responses of 36 elderly lum­
bosacral motion segments (average age, 81 � 8 years) 
subjected to spinal loads estimated when lifting a 9-kg 
load in 3 torso flexion angles (0°, 22.5°, and 45°). Results 
demonstrated rapid fatigue failure with increased torso 
flexion; however, a key limitation of this study was the old 
age of the specimens. 
Methods. Each lumbosacral spine was dissected into 3 
motion segments (L1–L2, L3–L4, and L5–S1). Motion seg­
ments within each spine were randomly assigned to a 
spinal loading condition corresponding to lifting 9 kg in 3 
torso flexion angles (0°, 22.5°, or 45°). Motion segments 
were statically loaded and allowed to creep for 15 min­
utes, then cyclically loaded at 0.33 Hz. Fatigue life was 
taken as the number of cycles to failure (10 mm displace­
ment after creep loading). 
Results. Compared with the older sample of spines, 
the middle-aged sample exhibited increased fatigue life 
(cycles to failure) in all the torso flexion conditions. In­
creased fatigue life of the middle-aged specimens was 
associated with the increased bone mineral content 
(BMC) in younger motion segments (mean � SD, 30.7 � 
11.1 g per motion segment vs. 27.8 � 9.4 g). Increasing 
bone mineral content had a protective influence with each 
additional gram increasing survival times by approxi­
mately 12%. 
Conclusion. Younger motion segments survive con­
siderably longer when exposed to similar spine loading 
conditions that simulate repetitive lifting in neutral and 
flexed torso postures, primarily associated with the in­
creased bone mineral content possessed by younger mo­
tion segments. Cycles to failure of young specimens at 
22.5° flexion were similar to that of older specimens at 
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0° flexion, and survivorship of young specimens at 45° 
flexion was similar to the older cohort at 22.5°. 
Key words: biomechanics, low back disorders, fatigue 
failure, age, motion segments, vertebral endplate frac­
tures, torso flexion, lifting, bone mass. Spine 2007;32: 
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Low back disorders (LBDs) are a major cause of both 
short- and long-term occupational disability in the 
United States,1 and it is clear that workers in certain 
occupations are more susceptible to LBD.2–5 Specifically, 
epidemiologic studies have shown that jobs involving 
heavy physical demands such as construction,2,3 min­
ing,2,4 and farming,5 engender increased risk of back 
pain. These occupations are thought to experience high 
LBD rates as a result of their extreme postural and man­
ual lifting demands. Studies have shown that jobs involv­
ing significant lifting6–9 and jobs that involve frequent 
bending10–12 are associated with increased LBD risk. 
Workers in the mining industry, in particular, often 
have to lift heavy materials in restricted workspaces that 
compel torso flexion. An understanding of the impact of 
repeated loading of the spine in flexion on fatigue failure 
of spinal tissues is thus a critical issue for our research 
agency, which is concerned with reducing the pain and 
disability associated with LBD in the mining industry. 
It is well accepted that loads experienced by the spine 
during manual lifting tasks are sufficient to cause frac­
tures in the endplates of lumbar vertebrae, particularly 
on repeated loading.13–15 Endplate fractures may not be 
painful in and of themselves16; however, evidence sug­
gests that the process of internal disc disruption and disc 
degeneration may be initiated via endplate fractures.16,17 
It has been shown that endplate damage will alter the 
distribution of stress in the disc, resulting in buckling of 
the lamellas of the internal anulus.17 Once this process 
has been initiated, repeated spine loading will cause ad­
ditional disruption of the anular fibers, resulting in for­
mation of significant fissures or tears.18–20 If these tears 
occur near or extend close to the outer portions of the 
anulus, a wound healing process is initiated, which in­
volves infiltration of mast cells, macrophages, and re­
lease of cytokines and growth factors.21 The presence of 
these infiltrates has been strongly linked to discogenic 
low back pain.21,22 Indeed, for patients experiencing 
chronic low back pain, the prevalence of internal disc 
disruption is at least 39%,19 which represents the most 
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common cause of chronic low back pain that has been 
demonstrated objectively.16 
The ability to resist endplate fractures appears highly 
related to the amount of mineralized tissue of which the 
vertebra is comprised.23–26 Studies have found that the 
relationship between the ultimate compressive strength 
of a vertebral body and bone mineral content (BMC) is 
essentially linear.23,24,27,28 There is a decrease in verte­
bral strength with age, particularly beyond the age of 40 
years, which is linked with a reduction in bone mineral in 
the vertebrae.28,29 Specifically, there appears to be a sig­
nificant loss of horizontally oriented trabeculae, partic­
ularly in the central portion of the vertebral body.30,31 
The departure of horizontal trabeculae deprives the ver­
tically oriented trabecular “posts” of important rein­
forcement, and the load-bearing capability of the center 
of the vertebral body becomes degraded as a result.32 
The body appears unable to reconstruct the horizontal 
trabeculae; instead, bone is deposited in a manner to 
thicken or reinforce the vertically oriented members.16 
The decreased strength of the cancellous core of the ver­
tebral body as aging takes place is associated with a shift 
in the load-bearing responsibilities from cancellous to 
cortical bone.32 However, complex regional load-
sharing responsibilities also appear to exist. Specifically, 
Eswaran et al33 report that the cortical shell provides 
45% of the support in the narrowest region of the verte­
bral body, but only 15% near the endplates. 
The age-related changes detailed above undoubtedly 
impact the vulnerability of the endplates to fatigue fail­
ure. Specifically, the weakened trabecular network un­
derlying the endplates permits increased deformation of 
the cartilaginous endplates and may increase the propen­
sity to fracture.32 The finding of increased fracturing in 
the endplates with increasing age appears to bear testi­
mony to this development.34 The purpose of the present 
investigation is to compare and contrast the fatigue fail­
ure responses of older motion segments to loads simulat­
ing a lift of 9 kg in 3 torso flexion postures (0°, 22.5°, and 
45°),15 to those of a younger cohort, and further, to 
evaluate the influence of BMC on fatigue life. 
Materials and Methods 
The biomaterials testing methods used for the younger cohort 
in this comparative analysis follow exactly those described in 
the article involving tests on the older spines,15 where addi­
tional detail may be obtained. The current manuscript summa­
rizes these procedures and additionally provides data on col­
lection and analysis of BMC and bone mineral density (BMD), 
which were not detailed in the previous paper. 
Three replications of a randomized block partially con­
founded factorial design were performed using a total of 18 
lumbar spines (54 motion segments), none of which died of 
causes relating to spine pathology. The first 2 replications (12 
spines or 36 motion segments) consisted of an older cohort of 
specimens (mean � SD age, 80.7 � 7.8 years).15 This older 
sample was comprised of 8 male and 4 female spines. The third 
replication (6 spines or 18 motion segments) was performed 
using a younger group of specimens (mean � SD age, 49.2 � 
17.3 years) and was comprised of 3 male and 3 female spines. 
Each spine was frozen in plastic bags until needed and subse­
quently defrosted before dissection into 3 motion segments 
(L1–L2, L3–L4, and L5–S1). Excess musculature, adipose tis­
sue, and fascia were removed from the motion segments and 
ligaments spanning multiple levels were sectioned. Ligaments 
confined to a single motion segment were preserved. 
Bone mineral density (BMD) and BMC for vertebral bodies 
L1–L4 of each spine were measured by means of dual radio­
graph absorptiometry using a Lunar DPX machine (Lunar, 
Madison, WI). Specimens were positioned on a bed of rice (to 
simulate body tissue) with the anterior aspect of the spine fac­
ing up. The BMD of the specimen was expressed in grams 
divided by the projected area of the bone. BMC was derived 
from the BMD and area measurements. BMD, projected area 
of the vertebral bone, and BMC for L1–L2 and L3–L4 segments 
individually were provided in standard reports. Table 1 pro­
vides information regarding the age of each specimen along 
with data on BMC and BMD for L1–L2 and L3–L4 motion 
segments from each spine. 
Table 1. Age, Bone Mineral Content, and Bone Mineral Density for L1–L2 and L3–L4 Motion Segments From Old and 
Middle-Aged Lumbar Spines 
Older Spines Middle-Aged Spines 
L1–L2 L3–L4 L1–L2 L3–L4 
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Figure 1. A, Survivorship functions for old spines by torso flexion 
angle (n � 36). B, Survivorship functions for young spines by torso 
flexion angle (n � 18). For each motion segment tested at 0° flexion, 
maximum load was 1300 N (load rate, 700 N/s), at 22.5° flexion maximum 
load was 2400 N (load rate, 2100 N/s), and at 45° flexion maximum 
load was 3150 N (load rate, 4800 N/s). 
Anterior-posterior and left lateral radiographs of each mo­
tion segment were taken at 50 kV, 5 mA, and a film focus 
distance of 38 in. These initial radiographs served to detect the 
presence of existing defects in individual motion segments and 
were used to determine the relative angles of all 4 endplates of 
the motion segment. A dynamic EMG-assisted biomechanical 
model35 was used to develop appropriate loads and load rates 
associated with lifting a 9-kg load starting at 3 trunk flexion 
angles: 0° (neutral), 22.5° (partial flexion), and 45° (full flex­
ion). These spinal load estimates were obtained from an exist­
ing large database of lifting tasks. Resultant loads were 1300 
N, 2400 N, and 3150 N for these torso flexion angles, respec­
tively. Since the spine is composed of viscoelastic tissues, it was 
considered vital that the rate of loading also be correctly mod­
eled in each posture. Average model estimates of load rate for 
the 3 postures were 700 N/s, 2100 N/s, and 4800 N/s, with 
increasing load rates in more flexed postures. Motion segments 
were flexed according to endplate angles obtained in a radio­
graphic study of subjects performing torso flexion in vivo.36 
Motion segments were potted in trays containing polymeth­
ylmethacrylate, the flexion angle of each motion segment being 
confirmed by endplate measurements obtained via multiple ra­
diographs during the fixation process. This flexion angle was 
maintained constantly throughout the cyclic loading regimen 
for a given specimen. All tests were conducted in a humidified 
environmental chamber at a temperature of 37 C. Motion seg­
ments were statically loaded for 15 minutes (at 500, 750, or 
1050 N depending on torso flexion angle) and then cyclically 
loaded at 0.33 Hz until failure or the maximum number of 
cycles (10,020) was completed using a hydraulic materials test­
ing machine (MTS Systems Corp., Eden Prairie, MN). Failure 
was defined as a displacement of 10 mm after termination of 
the period of creep deformation. The primary dependent mea­
sure was the number of cycles to failure. 
Comparisons of the fatigue failure responses of specimens 
were achieved via survival analysis techniques, specifically via 
Kaplan-Meier Product Limit Estimation and Cox Regression 
Analysis. Kaplan-Meier Product Limit Estimation, and mean 
survival times were obtained separately on the younger speci­
mens (18 motion segments) and older specimens (36 motion 
segments). Plots of survivorship functions for each group were 
obtained. Variables included in the Cox regression models in­
cluded simulated torso flexion angle, lumbar level, BMC, 
BMD, and weight of the motion segment. Both young and old 
specimens were included in Cox models to better evaluate the 
influence of a range of bone mineral values. Since this regres­
sion analysis incorporated bone mineral data, L5–S1 segments 
(from which BMC data were not obtained) were omitted from 
this analyses. Alpha levels for all tests of significance were set at 
0.05. 
Results 
Kaplan-Meier Product-Limit estimation demonstrated 
longer survival times and an increased number of cen­
sored observations (i.e., the number of motion segments 
surviving the entire 10,020 cycles of the test) for the 
younger cohort of specimens compared with the older 
group. Figures 1A and B illustrate the survivorship func­
tions s(t) at each angle of torso flexion for older and 
younger spines, respectively. As can be seen from these 
figures, increased loads and load rates associated with 
greater torso flexion were associated with decreased sur­
vival of specimens in both groups. However, the survi­
vorship functions for younger spines show a dramati­
cally improved fatigue life for the simulated lifting task at 
all torso flexion levels. Table 2 details the difference be­
tween these groups in terms of censored observations 
and mean survival time. In all cases, survival was signif­
icantly enhanced in the younger sample. 
Table 2. Comparison of Censored Observations and Mean Survival Times for Old and Middle-Aged Spine Motion 
Segments Using Spinal Loads Predicted When Lifting a 9-kg Load in Three Torso Flexion Postures 
0° 22.5° 45° 
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Table 3. Results of Cox Regression Models 
Incorporating Effects of Simulated Torso Lifting Loads at 
Different Angles of Flexion and Bone Mineral Content of 
the Specimens 
df Beta SE P Risk Ratio 95% CI for RR 
Flexion 2 0.001 
22.5° 1 2.756 0.862 0.001 15.741 2.905–85.309 
45° 1 3.923 0.921 0.000 50.530 8.310–307.245 
BMC 1 �0.127 0.036 0.001 0.881 0.820–0.946 
Table 3 provides the results of Cox regression models 
examining the effects of flexion angle and BMC. No 
other variables input to the model were significant pre­
dictors of time to failure. On the average, younger spines 
were found to possess approximately 3 additional grams 
of bone mineral per motion segment than older spines 
(mean � SD, 30.7 � 11.1 g vs. 27.8 � 9.4 g). 
As can be seen in the Cox regression analysis pre­
sented in Table 3, both flexion angle and BMC were 
significant predictors of the time to failure. Compared 
with the referent posture (0° flexion), simulated lifting in 
22.5° flexion had a 15.7-fold increase in relative risk, 
while the 45° condition saw a 50.5-fold increase in rela­
tive risk compared with the referent condition. As can be 
seen from the negative exponent, increasing BMC ex­
erted a protective influence. According to the model, ev­
ery gram of BMC resulted in a 12% increase in cycles to 
failure for this sample (when controlling for the effects of 
flexion). 
Table 4 presents a comparison of failure mechanisms 
observed in specimens failing via fatigue in the older 
versus the younger age samples. Of those specimens fail­
ing via fatigue, the proportion of younger specimens ex­
periencing endplate failure appeared somewhat lower in 
the more erect postures (0° and 22.5° flexion); however, 
a similar proportion of endplate failures were observed 
at 45° flexion in both groups. Frank disruption of the 
zygapophysial joints was observed in 7 of the 25 older 
motion segments failing via fatigue but was never ob­
served in the younger specimens. Increased laxity of the 
zygapophysial joints was observed in 3 of the younger 
specimens failing via fatigue, however. The sole disc fail­
ure observed in fatigue failure specimens was observed in 
one of the younger motion segments exposed to the 22.5° 
torso loading condition. In general, older specimens 
tended to exhibit more extensive damage (i.e., multiple 
failure modes) as compared with younger specimens. 
Discussion 
Failure of spinal tissues may be considered a function of 
load magnitude, loading frequency, and load tolerance 
(or strength) of the tissue. The current investigation pro­
vides data to address all 3 of these potential factors in an 
in vitro experiment and provides some insight to the 
changes in fatigue tolerance that occur with aging. Re­
sults of this study indicated that younger (middle-aged) 
spines were found to have considerably increased fatigue 
life at all 3 flexion angles compared with an elderly co­
hort. However, within each age cohort, the increased 
spinal load associated with lifting in deeper torso flexion 
resulted in a remarkable reduction in cycles to failure. 
None of the middle-aged specimens failed at the 0° torso 
flexion simulated lift. It may be observed that, for most 
materials, repetitive loading at less than 30% of the ma­
terial’s ultimate strength will not typically result in fa­
tigue failure.37 This is sometimes referred to as the “en­
durance limit” associated with cyclic loading. One might 
infer that the 1300 N load at the 0° flexion condition was 
below the endurance limit of all of the younger speci­
mens tested. Furthermore, while none of the older sam­
ple survived the maximum of 10,020 cycles at the 45° 
torso flexion simulated lift, one third of younger speci­
mens were able to do so. Comparison of the survivorship 
functions reveals that survival of young specimens at 
22.5° flexion was quite similar to that of older specimens 
at 0° flexion, and that the survivorship of young speci­
mens at 45° was similar to that of the older cohort at 
22.5° flexion. It would appear that the diminished BMC 
in the older specimens was largely responsible for differ­
ences in survival between the 2 groups. 
Unfortunately, the open-celled sponge-like structural 
design of vertebral bone, while being able to deform 
Table 4. Comparison of Fatigue Failure Mechanisms of Older Versus Middle-Aged Motion Segments by Flexion Angle 
0° 22.5° 45° 
Older Middle-Aged Older Middle-Aged Older Middle-Aged 
No. of specimens tested 12 6 12 6 12 6 
No. of specimens failing via fatigue 4 0 9 2 12 4 
Specimens exhibiting endplate failure 
Inferior EP (superior vertebra) 2 0 9 1 10 3 
Superior EP (inferior vertebra) 0 0 6 0 6 2 
Specimens exhibiting zygapophysial joint damage 
Increased laxity 0 0 3 1 4 2 
Disruption 2 0 3 0 2 0 
Specimens exhibiting vertebral body fracture 
Superior VB 2 0 5 1 6 4 
Inferior VB 0 0 1 1 2 0 
Specimens exhibiting disc failure 0 0 0 1 0 0 
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more without cracking (compared with long bones), is 
not as adept at withstanding high loads.38 When spinal 
loads are sufficiently large (as in lifting tasks), microfrac­
tures in the trabeculae will occur, invoking the process of 
bone remodeling. In trabecular bone, remodeling results 
in substantial bone loss (especially compared with corti­
cal bone) due to higher number of remodeling sites per 
unit volume, along with the fact that new bone forma­
tion lags behind the ability to resorb bone starting early 
in midlife. This process will lead to a loss of trabecular 
plates and connectivity, resulting in substantial strength 
loss.39 More rapid remodeling is associated with de­
creased bone quality and increased risk of fracture, due 
to the decreased density of newly remodeled bone tissue, 
more unfilled sites where bone has been resorbed, along 
with poorer cross-linking of collagen fibers.38,40 The de­
creased fatigue life exhibited by older motion segments is 
an unfortunate consequence of the depletion of bone 
mineral resulting from this slow but steady process.23,30 
While the absolute difference in BMC was small between 
young and old specimens (less than 3 g per motion seg­
ment, on average), the architectural and structural im­
portance of even small changes in BMC was dramatically 
apparent in this study. 
It is interesting to note that this study found BMC to 
be a better predictor of vertebral integrity than BMD, a 
finding also observed elsewhere.41 One reason this may 
be true is that BMC provides a combined measure of 
both the size and density of vertebral bone, whereas 
BMD obscures the influence of the specimen size, known 
to be positively correlated with vertebral strength.38,40 
BMC may thus be a superior measure to use when as­
sessing or predicting vertebral strength. It should not 
escape notice that BMC is easily obtained in vivo, and the 
findings of this study could have potential clinical rele­
vance in terms of assessing (at least in general terms) a 
patient’s risk of damage to spinal tissues, especially if the 
patient is engaged in physically demanding lifting tasks. 
For example, a job requiring repetitive lifting in flexed 
postures in a person with low BMC would clearly be a 
recipe for rapid failure of spinal tissues. 
It is incumbent on us to consider the relevance of the 
current results with respect to potential low back pain 
pathways. Indeed, results of this study may have rele­
vance to different pain mechanisms, depending on the 
physiologic age of the spine. One possible pathway to 
pain is that fatigue failure will lead to endplate fractures 
leading to disc degradation, as detailed in the introduc­
tion. If one considers a healthy young spine (with no disc 
degeneration and with a normal “young” BMC value), 
results of this study suggest relatively little risk would be 
associated with lifting a 9-kg load repeatedly as long as 
an upright posture could be adopted. However, risk of 
endplate failure in such young spines would increase sub­
stantially when flexed lifting is performed, although a 
relatively high number of cycles may be necessary when 
lifting a moderate load. Lifting of heavier loads would 
obviously accelerate this process, and it should be noted 
that, with a sufficiently heavy load, one would not antic­
ipate the upright posture to remain consistently protec­
tive. In young spines, trabecular damage (particularly in 
the vertebral centrum42) may lead to decreased endplate 
support leading to cracks of the endplate, mortared via 
scar tissue, and initiating a degenerative cascade in the 
disc. It should be noted that the majority of studies ex­
amining the association between heavy physical loading 
and disc degeneration have found an association,43–55 
although it should be noted that this association has not 
been universally observed.56–58 
The role of inherited traits on disc degeneration has 
received increased attention in recent studies44,59 and 
merits some discussion with respect to the current re­
search findings. Investigators in these studies examined 
monozygotic (MZ) twins discordant for physical load­
ing, and evaluated measures of disc degeneration via 
magnetic resonance imaging. Although physical load 
was found to have a significant effect on disc degenera­
tion in these investigations, it was asserted that factors 
related to inheritance accounted for a more sizeable por­
tion of the variability in disc degeneration. In the context 
of the present experiment, one inherited trait that may 
help explain this result is that of BMC. It would seem 
intuitive that MZ twins, sharing an identical DNA blue­
print, would also share a high correspondence in BMC 
(i.e., would have comparable vertebral size and bone 
density). Indeed, studies over the last 30 years in healthy 
twins consistently demonstrate a large genetic contribu­
tion to bone mass.60–65 Heritability estimates of BMD in 
the lumbar spine have been reported at 89%, and lumbar 
anthropometric dimension heritability estimates range 
from 61% to 83%.65 Thus, it would seem quite plausible 
that a high proportion of the variability in disc degener­
ation attributed to inheritance in these studies may, in­
deed, be due to differences in vertebral strength between 
twin pairs. It would be a reasonable supposition, for 
example, that twins with higher BMC would possess 
endplates that would be less prone to fracture (due to 
enhanced structural support) and less likely to lead to 
disc degeneration as a result. Conversely, twins possess­
ing low BMC would be expected to experience more 
rapid endplate failure and disc degeneration. As demon­
strated in the current study, small differences in BMC can 
have an extraordinary impact on vertebral strength and 
fatigue life. Thus, inheritance of bone mineral attributes 
may play a large role with respect to the ability to toler­
ate physical loads on the spine, which may impact the 
development of disc degeneration. 
The likelihood that a high correlation in BMC exists 
within MZ twin pairs raises a related issue regarding the 
impact of an identical twins design in evaluating the in­
fluence of physical loading on disc degeneration. It 
should be readily apparent that tissue failure will be in­
fluenced both by the magnitude of an imposed load and 
strength of the material on which the load is exposed. 
One would anticipate that the effect of this association 
would be most prominent when both factors are free to 
1837Fatigue Failure Responses in Simulated Lifting • Gallagher et al
vary, and particularly when both variables are at their 
discordant extremes (i.e., low-load/high material 
strength may produce little or no damage, whereas high­
load/low material strength may produce significant dam­
age). Thus, the effect of changes in magnitudes of physi­
cal loading on tissue damage would be expected to be 
more apparent when examined in a context of material 
strengths that comprise a wide range of values. However, 
it should be recognized that in a twin design, because of 
a high induced correlation in BMC (i.e., material 
strength) between twins, the impact of changes in phys­
ical load are examined in a somewhat restricted context 
(only within materials of similar strength). While such 
comparisons are certainly legitimate, they may not be 
fully representative of the effect that changes in physical 
load would bring to bear if examined over a wide range 
of material strengths. This may help to explain why 
physical load was found to have a lesser influence on 
degenerative changes in the twin studies44,59 (where 
physical load effect was restricted to matched levels of 
material strength) compared with other epidemiologic 
studies (where differences in physical loading were exam­
ined without restrictions in the range of material 
strength).43–55 
Disc degeneration will alter the mechanical properties 
and load distribution within the spinal column, and as 
this process evolves with age, additional threats may 
emerge that may lead to low back pain when exposed to 
repetitive loading. Regional bone loss appears to be re­
lated to the degree of disc degeneration, with greater 
bone loss seen in the centrum of the vertebra with in­
creased disorganization of the disc. This may be due to a 
redistribution of load to the vertebral body periphery 
resulting from disc degeneration30 and the development 
of stress concentrations in the disc.66 The resulting weak­
nesses in the vertebrae may lead to osteoporotic frac­
tures, which may be a particular risk when the older, 
osteoporotic spine is loaded in a flexed posture.67 These 
fractures may result in significant pain, deformity, and 
disability.68 
It is important to note that the number of cycles until 
the failure criterion was reached in this biomaterials test­
ing protocol should not be taken as representing a value 
that may be sustained before clinically relevant damage 
occurring. Indeed, endplate fractures may be initiated 
with less compaction than allowed in the present proto­
col and will usually occur with less that 5 mm.16,17 We 
established a higher displacement criterion in our initial 
experiment due to the older sample and a desire to max­
imize experimental variability in fatigue life to better es­
tablish the influence of torso flexion. It is not precisely 
known how mechanical tests of cadaver specimens relate 
to in vivo loading. Some have suggested that the healing 
capabilities of bone in vivo may result in less rapid 
failure than during in vitro testing.17,69 Others have sug­
gested that osteoclastic resorption in the physiologic 
state may actually reduce strength and accelerate in vivo 
fatigue failure compared with that observed during in 
vitro testing.26,70 
While the relationship of in vitro testing to the phys­
iologic state is not entirely clear, results of the present 
investigation provide several important findings that 
may have clinical relevance with respect to cyclic loading 
and failure of spinal tissues. For example, results of this 
study suggest that exposure to spinal loads experienced 
in flexed lifting of a given weight are likely to result in 
much more rapid fatigue failure compared with the re­
duced loads experienced in upright lifting. These findings 
provide strong support for minimizing the amount of 
forward bending performed in lifting tasks, especially in 
heavy industry such as mining. Future lifting guidelines 
should be designed to account for the rapid fatigue fail­
ure that may occur in flexion. Results also suggest that 
older workers will experience fatigue failure much more 
quickly, primarily due to the reduced BMC in their 
spines. This suggests that future lifting limits may also 
need to consider age-related changes to prevent tissue 
damage as bone loss continues to accumulate. 
The results presented in this study are not encouraging 
for mine workers who are bound to adopt a flexed pos­
tures during lifting tasks due to restrictions in vertical 
space often present in the underground mining environ­
ment (particularly in coal mines with working heights at 
or around 1.5 meters). However, these findings may help 
explain the high incidence rates for LBD typically ob­
served in mining.2,4 Manual materials handling is a per­
vasive activity in mining and if workers are forced to 
perform such activities in a flexed posture, the results 
here suggest more rapid failure of spinal tissues, poten­
tially accelerating the process of disc degeneration. There 
are unfortunately limited postural alternatives in re­
stricted spaces and it is more difficult (though not impos­
sible) to provide mechanical-assist devices in restricted 
spaces. Lifting in a kneeling posture will help keep the 
spine in a more upright orientation and may be a useful 
alternative to stoop lifting; however, lifting capacity is 
reduced in the kneeling posture and there may certainly 
be a trade-off with regard to increased risk of knee dis­
orders. Clearly, results of this study suggest that loads 
handled in a stooped posture be minimized to the great­
est extent possible. Furthermore, the need for new and 
better mechanical aids that can be effectively utilized in 
restricted workspaces would seem to be a critical element 
in reducing LBD risk in underground mines. 
Certain limitations should be considered regarding 
the data presented here. These include the possibility that 
preexisting medical conditions or loading histories might 
have differentially affected the specimens. The chances of 
prior damage would certainly be greater in older speci­
mens. In this regard, it is important to realize that, al­
though fatigue failure occurred more rapidly in older 
specimens, this does not necessarily imply greater back 
pain experience in older osteopenic spines. It is quite 
possible (in fact likely) that such spines have already 
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experienced the degenerative changes that may have led 
to pain much earlier in life. 
Key Points 
● The fatigue failure responses of 18 working age 
motion segments (average � SD age, 49 � 17 
years) exposed to spines loads simulating lifting 
tasks at 3 trunk flexion angles were compared with 
those of a previously tested elderly cohort (aver­
age � SD age, 81 � 8 years). 
● Compared with the older sample of spines, the 
younger sample exhibited a substantial increase in 
cycles to fatigue failure in all the torso flexion con­
ditions. 
● Bone mineral content was greater in the younger 
motion segments, 30.7 g (�11.1 SD) per motion 
segment, versus 27.8 g (�9.4 SD) in older spines. 
● Cox regression modeling indicated increasing 
relative risk of fatigue failure for segments exposed 
to simulated spinal loads when lifting at increased 
angles of torso flexion (risk ratio for 22.5° flex­
ion � 15.7 compared with 0°; risk ratio for 45° � 
50.5 compared with 0°). 
● Increased bone mineral content was found to 
have a protective influence (i.e., every increase of 
1 g BMC led to 12% increase in cycles to failure). 
References 
1. Druss B, Marcus S, Olfson M, et al. The most expensive medical conditions 
in America. Health Aff (Millwood) 2002;21:105–11. 
2. Klein BP, Jensen RC, Sanderson LM. Assessment of workers’ compensation 
claims for back strains/sprains. J Occup Med 1984;26:443–8. 
3. Behrens V, Seligman P, Cameron L, et al. The prevalence of back pain, hand 
discomfort, and dermatitis in the U.S. working population. Am J Public 
Health 1994;1780–5. 
4. Lloyd MH, Gauld S, Soutar CA. Epidemiologic study of back pain in miners 
and office workers. Spine 1986;11:136–40. 
5. Leigh JP, Sheetz RM. Prevalence of back pain among full-time United States 
workers. Br J Industr Med 1989;4:651–7. 
6. National Institute for Occupational Safety and Health. Musculoskeletal Dis­
orders and the Workplace: A Critical Review of Epidemiological Evidence 
for Work-Related Musculoskeletal Disorders of the Neck, Upper Extremity, 
and Low Back. Cincinnati, OH: U.S. Department of Health and Human 
Services, National Institute for Occupational Safety and Health, 1997. 
7. Frymoyer JW, Pope MH, Clements JH, et al. Risk factors in low-back pain. 
J Bone Joint Surg Am 1983;65:213–8. 
8. Kelsey JL, Githens PB, White AA, et al. An epidemiological study of lifting 
and twisting on the job and risk for acute prolapsed intervertebral disc. 
J Orthop Res 1984;2:61–6. 
9. Riihimaki H. Low-back pain, its origin and risk indicators. Scand J Work 
Environ Health 1991;17:81–90. 
10. Holmstrom EB, Lindell J, Moritz U. Low back and neck/shoulder pain in 
construction workers: occupational workload and psychosocial risk factors, 
part 1: Relationship to low back pain. Spine 1992;17:672–7. 
11. Marras WS, Lavender SA, Leurgans SE, et al. The role of dynamic three-
dimensional motion in occupationally-related low back disorders: the effects 
of workplace factors, trunk position, and trunk motion characteristics on 
risk of injury. Spine 1993;18:617–28. 
12. Punnett L, Fine LJ, Keyserling WM, et al. Back disorders and nonneutral 
trunk postures of automobile assembly workers. Scand J Work Environ 
Health 1991;17:337–46. 
13. Brinckmann P, Biggemann M, Hilweg D. Fatigue fracture of human lumbar 
vertebrae. Clin Biomech 1988;3(suppl 1):1–23. 
14. Hansson T, Keller T, Spengler D. Mechanical behavior of the human lumbar 
spine: II. Fatigue failure during dynamic compressive loading. J Orthop Res 
1987;5:479–508. 
15. Gallagher S, Marras WS, Litsky AS, et al. Torso flexion loads and fatigue 
failure of human lumbosacral motion segments. Spine 2005;30:2265–73. 
16. Bogduk N. Clinical Anatomy of the Lumbar Spine and Sacrum, 3rd ed. New 
York: Churchill Livingstone, 1997. 
17. Adams MA, Freeman B, Morrison HP, et al. Mechanical initiation of inter­
vertebral disc degeneration. Spine 2000;25:1625–36. 
18. Moneta GB, Videman T, Kaivanto K, et al. Reported pain during lumbar 
discography as a function of anular ruptures and disc degeneration: a reanal­
ysis of 833 discograms. Spine 1994;19:1968–74. 
19. Schwarzer AC, Aprill CN, Derby R, et al. The prevalence and clinical fea­
tures of internal disc disruption in patients with chronic low back pain. Spine 
1995;20:1878–3. 
20. Ito M, Incorvaia KM, Yu SF, et al. Predictive signs of discogenic lumbar pain 
on magnetic resonance imaging with discography correlation. Spine 1998; 
23:1252–60. 
21. Peng B, Hao J, Hou S, et al. Possible pathogenesis of painful intervertebral 
disc degeneration. Spine 2006;31:560–6. 
22. Jaffray D, O’Brien JP. Isolated intervertebral disc resorption: a source of 
mechanical and inflammatory back pain? Spine 1986;11:397–401. 
23. Bartley MH, Arnold JS, Haslam RK, et al. The relationship of bone strength 
and bone quantity in health, disease and aging. J Gerontol 1966;21:517–21. 
24. Hansson T, Roos B. The relation between bone mineral content, experimen­
tal compression fractures and disc degeneration in lumbar vertebrae. Spine 
1981;6:147–53. 
25. White AA, Panjabi MM. Clinical Biomechanics of the Spine. Philadelphia: 
Lippincott, 1990. 
26. Keaveny TM, Morgan EF, Niebur GL, et al. Biomechanics of trabecular 
bone. Annu Rev Biomed Eng 2001;3:307–33. 
27. Galante JO. Tensile properties of the human lumbar annulus fibrosus. Acta 
Orthop Scand 1967;38(suppl 100):1–91. 
28. Bell GH, Dunbar O, Beck JS, et al. Variations in the strength of vertebrae 
with age and their relation to osteoporosis. Calcif Tissue Res 1967;1:75–86. 
29. Jager M, Luttmann A. Compressive strength of lumbar spine elements re­
lated to age, gender, and other influences. In: Anderson PA, Hobart DJ, 
Danoff JV, eds. Electromyographical Kinesiology. Amsterdam: Elsevier, 
1991:291–4. 
30. Atkinson PJ. Variation in trabecular structure of vertebrae with age. Calcif 
Tissue Res 1967;1:24–32. 
31. Simpson EK, Parkinson IH, Manthey B, et al. Intervertebral disc disorgani­
zation is related to trabecular bone architecture in the lumbar spine. J Bone 
Miner Res 2001;16:681–7. 
32. Rockoff S, Sweet E, Bleustein J. The relative contribution of trabecular and 
cortical bone in the strength of the human lumbar vertebrae. Calcif Tissue 
Res 1969;3:163–75. 
33. Eswaran SK, Gupta A, Adams MF, et al. Cortical and trabecular load sharing 
in the human vertebral body. J Bone Miner Res 2006;21:307–14. 
34. Vernon-Roberts B, Pirie CJ. Degenerative changes in the intervertebral discs 
of the lumbar spine and their sequelae. Rheumatol Rehabil 1977;16:13–21. 
35. Granata KP, Marras WS. An EMG-assisted model of trunk loading during 
free-dynamic lifting. J Biomech 1995;28:1309–17. 
36. Chen Y-L. Predicting the vertebral inclination of the lumbar spine. Ergonom­
ics 2000;43:744–51. 
37. Martin RB, Burr D, Sharkey N.	 Skeletal Tissue Mechanics. New York: 
Springer-Verlag, 1998. 
38. Seeman E, Delmas PD. Bone quality: the material and structural basis of 
bone strength and fragility. N Engl J Med 2006;354:2250–61. 
39. Parfitt AM, Mathews CHE, Villanueva AR, et al. Relationship between 
surface, volume, and thickness of iliac trabecular bone in aging and in osteo­
porosis: implications for the anatomic and cellular mechanism of bone loss. 
J Clin Invest 1983;72:1396–409. 
40. Briggs AM, Greig AM, Wark JD, et al. A review of anatomical and mechan­
ical factors affecting vertebral body integrity. Int J Med Sci 2004;1:170–80. 
41. Hansson T, Roos B, Nachemson A. The bone mineral content and ultimate 
compressive strength of lumbar vertebrae. Spine 1980;5:46–55. 
42. Fazzalari NL, Parkinson IH, Fogg QA, et al. Antero-postero differences in 
cortical thickness and cortical porosity of T12 to L5 vertebral bodies. Joint 
Bone Spine 2006;73:293–7. 
43. Evans W, Jobe W, Seibert C. A cross-sectional prevalence study of lumbar 
disc degeneration in a working population. Spine 1989;14:60–4. 
44. Battie MC, Videman T, Gibbons LE, et al. 1995 Volvo Award in clinical 
sciences. Determinants of lumbar disc degeneration: a study relating lifetime 
exposures and magnetic resonance imaging findings in identical twins. Spine 
1995;20:2601–12. 
45. Battie MC, Videman T, Gibbons LE, et al. Occupational driving and lumbar 
disc degeneration: a case-control study. Lancet 2002;360:1369–74. 
1839Fatigue Failure Responses in Simulated Lifting • Gallagher et al
46. Biering-Sorensen F, Hansen FR, Schroll M, et al. The relation of spinal x-ray 
to low-back pain and physical activity among 60-year-old men and women. 
Spine 1985;10:445–51. 
47. Kellgren JH, Lawrence JS. Rheumatism in miners: II. X-ray study.	 Br J 
Industr Med 1952;197–207. 
48. Lawrence JS, Molyneux MK, Dingwall-Fordyce I. Rheumatism in foundry 
workers. Br J Industr Med 1966;23:42–52. 
49. Riihimaki H, Mattsson T, Zitting A, et al. Radiographically detectable de­
generative changes of the lumbar spine among concrete reinforcement work­
ers and house painters. Spine 1990;15:114–9. 
50. Sairanen E, Brushaber L, Kaskinen M. Felling work, low-back pain and 
osteoarthritis. Scand J Work Environ Health 1981;7:18–30. 
51. Videman T, Sarna S, Battie MC, et al. The long-term effects of physical 
loading and exercise lifestyles on back-related symptoms, disability, and 
spinal pathology among men. Spine 1995;20:699–709. 
52. Videman T, Battie MC, Gibbons LE, et al. Lifetime exercise and disk degen­
eration: an MRI study of monozygotic twins. Med Sci Sports Exerc 1997; 
29:1350–6. 
53. Videman T, Simonen R, Usenius J, et al. The long-term effects of rally driving 
on spinal pathology. Clin Biomech (Bristol, Avon) 2000;15:83–6. 
54. Luoma K, Vehmas T, Riihimaki H, et al. Disc height and signal intensity of 
the nucleus pulposus on magnetic resonance imaging as indicators of lumbar 
disc degeneration. Spine 2001;26:680–6. 
55. Luoma K, Riihimaki H, Raininko R, et al. Lumbar disc degeneration in 
relation to occupation. Scand J Work Environ Health 1998;24:358–66. 
56. Caplan PS, Freedman LM, Connelly TP. Degenerative joint disease of the 
lumbar spine in coal miners: a clinical and x-ray study. Arthritis Rheum 
1966;9:693–702. 
57. Frymoyer JW, Newberg A, Pope MH, et al. Spine radiographs in patients 
with low-back pain: an epidemiological study in men. J Bone Joint Surg Am 
1984;66:1048–55. 
58. Savage RA, Whitehouse GH, Roberts N. The relationship between the mag­
netic resonance imaging appearance of the lumbar spine and low back pain, 
age and occupation in males. Eur Spine J 1997;6:106–14. 
59. Videman T, Battie MC, Ripatti S, et al. Determinants of the progression in 
lumbar degeneration: a 5-year follow-up study of adult male monozygotic 
twins. Spine 2006;31:671–78. 
60. Pocock NA, Eisman JA, Hopper JL, et al. Genetic determinants of bone mass 
in adults: a twin study. J Clin Invest 1987;80:706–10. 
61. Slemenda CW, Christian JC, Williams CJ, et al. Genetic determinants of 
bone mass in adult women: a reevaluation of the twin model and the poten­
tial importance of gene interaction on heritability estimates. J Bone Miner 
Res 1991;6:561–7. 
62. Smith DM, Nance WE, Kang KW, et al. Genetic factors in determining bone 
mass. J Clin Invest 1973;52:2800–8. 
63. Moller M, Horsman A, Harvald B, et al. Metacarpal morphometry in 
monozygotic and dizygotic elderly twins. Calcif Tissue Res 1978;25:197– 
201. 
64. Dequeker J, Nijs N, Verstraeten A, et al. Genetic determinants of bone 
mineral content at the spine and radius: a twin study. Bone 1987;8: 
207–9. 
65. Peacock M, Turner CH, Econs MJ, et al. Genetics of osteoporosis. Endocr 
Rev 2002;23:303–26. 
66. Adams MA, McNally DS, Dolan P. ‘Stress’ distributions inside intervertebral 
discs: the effects of age and degeneration. J Bone Joint Surg Br. 1996;78: 
965–72. 
67. Pollintine P, Dolan P, Tobias JH, et al. Intervertebral disc degeneration can 
lead to ‘stress-shielding’ of the anterior vertebral body: a cause of osteopo­
rotic vertebral fracture? Spine 2004;29:774–82. 
68. Cockerill W, Ismail AA, Cooper C, et al. Does location of vertebral defor­
mity within the spine influence back pain and disability? European Vertebral 
Osteoporosis Study (EVOS) Group. Ann Rheum Dis 2000;59:368–71. 
69. Adams MA. Spine Update: Mechanical testing of the spine: an appraisal of 
methodology, results, and conclusions. Spine 1995;20:2151–6. 
70. Martin RB, Gibson VA, Stover SM, et al. Residual strength of equine bone is 
not reduced by intense fatigue loading: implications for stress fracture. J Bio­
mech 1997;30:109–14. 
